Intraocular pressure (IOP) evaluated by applanation tonometry via TONO-PEN XL (TP), and rebound tonometry via TonoVet (TV) were compared in enucleated canine eyes with varied pressure of the anterior chamber (AC) and in clinical cases. TV measured IOP values were lower than IOP measurements of TP in the enucleated eyes with 5-10 mmHg of AC (P<0.0001), though there was no significant difference in IOP values obtained with TP and TV on the pressure ranges of 15-20 mmHg. However, TP detected IOP values were lower than IOP measurements of TV in the eyes with over 25 mmHg of AC (P<0.0001). The results of clinical cases were similar to the enucleated eye model. There was no significant difference in IOP values obtained from TP and TV in dogs with normotensive eyes. IOP measurements of TP were lower than those of TV in glaucomatous eyes (P<0.0001). TV was a reliable tonometer for measurement of IOP in hypertensive eyes, whereas it was less accurate than TP in hypotensive eyes. The characteristics of TP and TV should be considered in the evaluation of IOP in practice.
Evaluation of intraocular pressure (IOP) is important for the diagnosis and management of ophthalmic disease in animals [14] . Several tonometries, including indentation, applanation, or rebound tonometry are used to measure IOP in veterinary field [14] . Applanation tonometry, such as TONO-PEN XL (TP), is widely used in the field of veterinary ophthalmology, though it includes potential problems with inaccuracies caused by manual measurement and requires application of a topical anesthetic before IOP measurement [18] . On the other hand, rebound tonometry, such as TonoVet (TV), which has recently become available, is expected to be more reliable than TP, because a constant pressure can be given to the cornea by a mechanically launched probe, thereby providing increased accuracy of IOP measurements [7, 10, 12] . An added benefit is that topical anesthetics are not needed for detection of the animal's IOP [7, 10, 12] . There are reports dealing with the usefulness and/or accuracy of TV in animals and birds [1, 6, 7, [9] [10] [11] [12] . In dogs, TP displayed lower IOP values than TV in in vitro enucleated eyes, although the relation between the two tonometries in glaucomatous eyes was not the same as in vitro [7] . Information about the relationship of IOP evaluated by TP and TV is essential for veterinary practitioners, since the number of veterinary ophthalmologists using both TP and TV has increased recently to assure accurate diagnoses of animals with ophthalmic diseases. The aim of this study is to re-evaluate IOP values measured with TP and TV in the enucleated canine eye model and clinical cases, and to clarify the relationship and characteristics of both tonometries in veterinary practice.
MATERIALS AND METHODS

Eye samples and clinical cases:
Thirty eyes without ophthalmic disorders were immediately enucleated transconjunctivally from healthy beagle dogs euthanized for reasons unrelated to this study. The eyes were stored in saline (0.9% NaCl) solution (Otsuka, Tokyo, Japan) at 4C for up to twelve hours after enucleation.
A total of 247 eyes, including 70 cases consisting of 18 male and 52 female dogs with 1.6 to 37.8 kg of body weight and 3 months to 17 years of age were evaluated by IOP for ophthalmic examination and/or treatment of ophthalmic diseases at the Osaka Prefecture University Veterinary Medical Center. The examined samples included 174 normotensive eyes (94 right and 80 left eyes) without glaucoma, uveitis, and corneal disorders, and 73 glaucomatous hypertensive eyes (33 right and 40 left eyes).
Measurement of IOP: IOP was measured with two tonometers in this study; TONO-PEN XL (TP, Medtronic Solan, FL, U.S.A.) as applanation tonometry, and TonoVet (TV, Tiolat, Helsinki, Finland) as rebound tonometry. IOP was evaluated on the center of the cornea in accordance with the instruction manual of each tonometer. Three final IOP readings with variances of less than 5% on each tonometer were obtained and averaged for determination of IOP values for each examined eye. Topical anesthesia of 0.4% oxybuprocaine hydrochloride (Santen, Osaka, Japan), was applied when IOP was measured by TP in clinical cases.
Experimental procedures: For in vitro study, the pressure of the anterior chamber (AC) of an enucleated eye was adjusted by the method of Dziezyc et al. [2] . In brief, the enucleated eye was securely positioned on a plastic cup and cannulated transclerally with two 24 G indwelling needles (Terumo, Tokyo, Japan) at 3 and 9 o'clock positions from 2 mm behind the limbus. A cyanoacrylate glue was applied on the sclera with the needle to prevent leakage of aqueous humor. One needle at the 3 o'clock position was connected to lactate ringer's solution (LRS, Terumo, Tokyo, Japan) via a silicone tube, and the other needle at 9 o'clock position was connected to a bedside monitor containing a pressure recorder (BSM-5192, Nihon Kohden, Tokyo, Japan) via a silicone tube and transducer (DX-300, Nihon Kohden, Tokyo, Japan) for monitoring and recording the pressure of AC. The pressure of AC was set in 5 mmHg steps from 5 to 50 mmHg and 10 mmHg steps from 50 to 100 mmHg under pressure control by adjusting the 10 to 140 cm height of the LRS from the eye. IOP was measured with TP and TV at each step. A saline solution was frequently applied to the eye to maintain the cornea in moist condition.
In clinical cases, dogs were handled gently and minimally restrained so as not to artificially raise IOP values via direct pressure on the jugular veins. Also, care was taken not to place pressure on the globe with gentle retraction of the examined eyelid. IOP was measured by TV in sternal recumbency or sitting position, and then IOP was sequentially evaluated with TP in the same position.
Statistical analysis: IOP values evaluated by TP and TV and differences between the pressure of AC and IOP measurements are shown as mean ± standard deviation (SD). In clinical cases, IOPs of right and left eyes were analyzed separately to prevent a bias effect by pooling of both eyes [22] . The correlation coefficient was calculated with Pearson's correlation coefficient by the rank test. Comparison of IOP values obtained by TP and TV was evaluated by paired Student t-test. A p-value of less than 0.05 was considered to be statistically significant.
RESULTS
In vitro enucleated eye model: Correlations between the pressures of AC and IOP values evaluated by TP or TV were assessed for the enucleated eyes. A significant linear correlation was detected between the pressure of AC and TP detected IOP (r=0.99, P<0.0001), and the regression equation between these 2 variables was y=0.71x + 1.88 ( Fig. 1 ). There was also a significant linear correlation between the pressures of AC and TV measured IOP (r=0.99, P<0.0001; Fig. 1 ). The regression equation of TV was y=0.95x -0.93, and underestimation of IOP values obtained by TV was lower than those by TP ( Fig. 1 ). The differences between the pressure of AC and IOP evaluated by each tonometer are shown in Fig. 2 . Although IOP values measured with TV were significantly lower than TP evaluated values in the eyes with 5-10 mmHg of AC (P<0.0001), there was no significant difference in IOP values obtained with TP and TV on the pressure of AC at 15-20 mmHg. However, IOP measurements of TP were significantly lower than those of TV in the eyes with over 25 mmHg of AC (P<0.0001), and TP increasingly underestimated IOP as the pressures of AC increased.
In vivo clinical cases: In normotensive eyes, the regression equation and the correlation coefficient between TP and TV were y=0.75x + 3.84 and r=0.70 in right eyes, and y=0.71x + 4.29 and r=0.76 in left eyes, respectively (Fig. 3 ). There were significant correlations between TP and TV in both normotensive eyes (P<0.0001). In glaucomatous eyes, the regression equation and the correlation coefficient between TP and TV were y=1.07x + 3.15 and r=0.82 in right eyes, and y=1.05x + 4.59 and r=0.86 in left eyes, respectively ( Fig. 4 ). Significant correlations were also found between TP and TV in both eyes with glaucoma (P<0.0001).
IOP values obtained by TP and TV are shown in 
DISCUSSION
Since assessment of IOP is crucial for making accurate diagnosis on animals with ophthalmic diseases, such as glaucoma and uveitis [14] , veterinary ophthalmologists who use both TP and TV have been increasing year by year in Japan. According to previous reports, TP displays lower IOP values than TV in dogs [7, 10] . However, the characteristics of the tonometers described above were not necessarily observed in our clinical cases. This phenomenon may indicate that there is unclarified information about the relationship of IOP values detected by TP and TV in dogs. Therefore, IOP measurements of TP and TV were re-evaluated to clarify the detailed relationship and/or characteristics of both tonometers in dogs in this study.
Although both TP and TV displayed lower pressure values than the manometer in all pressure ranges in the enucleated eye model, TV and a manometer almost represented the ideal line ( Fig. 1) . IOP measurements of TP were clearly lower than those of TV for hypertensive ranges of over 25 mmHg of AC, and TP increasingly underestimated the pressure values at the higher pressure ranges (Fig. 2) . These results are similar to those of the previous study [7] . TP was originally designed for humans, and correlation factors were needed for evaluating IOP in other species [20] , whereas TV had calibration factors for measuring IOP of animals, such as the dog, cat, and horse [10] . Hence, TV might be able to provide more accurate IOP than TP. The characteristic of both tonometers in in vivo clinical cases should be the same as in in vitro. The corresponding linear regression describing the relationship of TP measurements to TV in glaucomatous eyes in this study was y=1.07x +3.15 in right eyes and y=1.05x +4.59 in left eyes (x=TP measurement and y=TV measurement, Fig. 4) , indicating that the relationship of TP and TV in hypertensive glaucomatous eyes was consistent with the results observed in the in vitro model. On the other hand, one report showed a different relationship between the two tonometers in glaucomatous eyes compared to our results. The corresponding linear regression describing the relationship of TP measurements with TV in glaucoma cases was y=0.7996x + 2.459 (x=TP measurement and y=TV measurement) [7] . The stage of glaucoma and evaluation procedure might have caused the differences in results between the two studies. Eyes affected by chronic glaucoma were examined in the present study, while acute glaucoma was selected for analysis of the relationship of TP and TV in the study of Gorig [7] . Since corneal edema is generally observed in the acute early stage of glaucoma [3, 21, 23] , corneal thickness may be influenced by the edematous condition of the eye. One report showed that TP and TV detected IOP values were affected by variations in the central corneal thickness in clinically normal dogs [19] . Hence, the difference of IOP readings between the two tonometers might be influenced by different corneal surface conditions related with acute or chronic glaucoma, thereby inducing a different result in the relationship between the two tonometers [19, 24] . In addition, we evaluated only hypertensive glaucomatous eyes for analysis of the regression equation and the correlation coefficient between TP and TV, whereas normotensive eyes were included in the same analysis in the previous study [7] . This different sampling might also have contributed to the differences in the results between the two studies.
Underestimation of IOP measurements by TV was signif-icantly higher than TP detected IOP values in the pressure ranges up to 10 mmHg of AC, suggesting that TP might be reliable for evaluation of IOP on hypotensive eyes. TP is based on the principle of applanation tonometry applying the Imbert-Fick law, according to which the pressure required to flatten 1 mm 2 of the cornea is equal to the pressure in the eye [14] . In some cases of hypotensive eyes, such as uveitis, it is sometimes difficult to detect the flat cornea at the center of the eye by TP due to a corneal cavity induced by pressure applied manually. Compared with TP, IOP was easily detected by TV in hypotensive eyes because a corneal cavity was not induced by the TV probe. This was not surprising since the TV probe was small and mechanically launched to provide a constant pressure on the cornea without high pressure. Although TV was less accurate than TP in the lower pressure ranges up to 10 mmHg, TV could provide convenient handling for measurement of IOP in hypotensive eyes. There was no significant difference in the accuracy of IOP evaluated by both tonometers in the normotensive pressure range of 10 to 25 mmHg ( Fig. 2 and Table 1 ). These findings indicate that the accuracy of IOP values given by TP and TV depend on the pressure range of the AC in animals. TP was less accurate than TV in the hypertensive pressure range for over 25 mmHg, whereas it provided more accurate IOP values than TV in the hypotensive pressure range up to 10 mmHg.
There are several reports showing reference ranges of canine normal IOP [4, 8, 10, 12, 13, [15] [16] [17] 25] . In the present study, IOP values obtained by TP were similar to those of previous studies in healthy dogs [4, 10, 12, 16, 17] . However, IOP measurements of TV were higher than those of other studies [10, 12] . The difference of IOP measurements observed here may be attributed to the examined cases, IOP measurement time, and examiners. IOP generally differs depending on the time of the day, breed, sex, age of the animal, animal behavior, and the expertise of the examiner [5, 8, 17] . In addition, TV might underestimate the IOP when the cases examined had IOP values in the pressure range of 10 to 15 mmHg, judging from the results presented here (Fig. 2) . The reference range of normal IOP might be established by each tonometer at each hospital.
In summary, TV was a reliable tonometer for measurement of IOP for hypertensive eyes, while TP could provide accurate IOP for hypotensive eyes. The accuracy of both tonometers was similar for normotensive eyes. The characteristics of both the TP and TV tonometers should be considered for the evaluation of IOP in practice. 
